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We consider a particle detector model on 1+1-dimensional Minkowski space-time that is acceler-
ated by a constant external acceleration a. The detector is coupled to a massless scalar test field.
Due to the Unruh effect, this detector becomes excited even in Minkowski vacuum with a probabil-
ity proportional to a thermal Bose-Einstein distribution at temperature T = a
2pi
in the detector’s
energy gap. This excitation is usually said to happen upon detection of a Rindler quantum, which
is defined by having positive frequency with respect to the detector’s proper time instead of inertial
time. Using Unruh’s fully relativistic detector model, we show that the process involved is in fact
spontaneous excitation of the detector due to the interaction with the accelerating background field
E = ma. We explicitly solve the Klein-Gordon equation in the presence of a constant background
field E and use this result to calculate the transition probability for the detector to become excited
on Minkowski vacuum. This transition probability agrees with the Unruh effect, but is obtained
without reverting to the concept of Rindler quantization.
I. INTRODUCTION
Ever since Fulling [1], Davies [2] and Unruh [3] discov-
ered that the Minkowski vacuum state of a scalar quan-
tum field is a thermal state with respect to the Rindler
vacuum and therefore contains particles, there has been
an ongoing discussion on whether or not and how these
particles can be observed. The usual derivation of the
Unruh effect (using Bogolyubov transformations to con-
nect the inequivalent field quantizations in Minkowski
and Rindler coordinates, respectively) does not feature
the notion of a detector. Instead, the particles are asso-
ciated with an (accelerated) observer, where there is no
exact (physical) definition both of the term observer and
how to define associated. It is just supposed that any
observer, be it a particle detector or some macroscopic
system like a human being, will perceive Minkowski vac-
uum as a thermal state if its proper time is proportional
to that of an accelerated (rather than inertial) particle.
In order to give a more practical definition to these
terms, Unruh (1976 [3]) and DeWitt (1979 [4]) proposed
to use a simplified model particle detector, commonly re-
ferred to as the “Unruh” or “Unruh-DeWitt” detector
model, consisting of a two-level Schro¨dinger system en-
closed in an arbitrarily small box which is said to have
detected a particle if it has made a transition to its ex-
cited state. This detector is set up to detect Rindler
particles by switching from inertial (Minkowski) time to
Rindler time, the proper time of an accelerated particle.
Then the probability for the detector to switch to its ex-
cited state is found to be proportional to a Bose-Einstein
factor at temperature T = a2pi in agreement with the pre-
diction from te Unruh effect. However, when analyzing
the final state of the entire system (rather than only of
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the detector), it was found that along with the excitation
of the detector, a Minkowski particle is emitted [3, 5].
This assertion was attacked by Grove, who computed
the expectation value of the stress-energy energy tensor
at late times and claimed that the increase in the stress-
energy of the test field is merely an artifact of the re-
duction of the full “out” state to a product state [6].
He concluded that the change in the energy of the test
field does not correspond to a dynamical process; conse-
quently, for a macroscopic detector (i.e. an ensemble of
model detectors) the effect should not be present since
reduction effects should be “averaged out” over the par-
ticle number.
Audretsch and Mu¨ller [7] resolved this issue by com-
puting the full out state of the coupled system (detector
and test field) up to second order in the interaction. They
analyzed both the Minkowski energy and the Minkowski
particle content of the test field in the three cases that
(a) no measurement of the detector state was made, that
(b) the detector was found in the excited state and that
(c) the detector was found in the ground state. The result
is that while the Minkowski energy density only changes
due to a reduction effect and will stay zero in the left
Rindler wedge when averaged over a macroscopic num-
ber of detectors, the Minkowski particle number will in-
deed increase even if no measurement (state reduction)
is made on the detector.
What still remains is the question whether or not
Rindler particles can be considered “real particles”. On
one hand, one may adopt the point of view that the con-
cept of a “particle” itself depends on the observer, or
rather the reference frame one is working in. This is
the view held by Wald [8]. The Unruh-DeWitt detector
model is also based on this view: The choice of coordi-
nates in which the the Green’s functions are computed
determines which particles, Rindler or Minkowski, the
detector is sensitive to, working with both particle defi-
nitions on equal footing.
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2On the other hand, however, DeWitt pointed out that
in flat space-time Minkowski vacuum is distinct from all
other vacua in being the only vacuum state with the ex-
pectation value of the energy-momentum tensor being
identically zero, which is required in flat space time in
order to be consistent with general relativity [4].
We want to emphasize that this is a problem peculiar
to the Unruh effect, not to inequivalent field quantiza-
tions per se. When compared for example to the Hawk-
ing effect [9], which relies on the same Bogolyubov for-
malism, we observe a huge conceptional difference: For
the Hawking effect, we use different field quantizations in
different regions of space-time (past and future null infin-
ity). Therefore, the notion of what is a particle changes
over time, but at each point in space-time there is a mean-
ingful and unambiguous definition for the particles that
contribute to the stress-energy tensor. For the Unruh
effect on the other hand, we use two inequivalent field
quantizations at the same point in space-time, so that
the concept of particles only becomes meaningful with
the specification of an associated observer, and it remains
a priori unclear which quanta conribute to the stress en-
ergy tensor.
In this paper we are going to resolve this issue using
the other detector model proposed by Unruh, a fully rel-
ativistic detector [3]. This model has gained rather little
attention so far, mostly due to the fact that Unruh him-
self claimed this model would “display the same phenom-
ena” [3] as the simpler model (which we shall prove cor-
rect). However, being a quantum field theoretical model,
it is better suited for probing relativistic field theoretical
phenomena such as the Unruh effect: Rather than just
switching coordinates, this model explicitly incorporates
a constant background field to account for the external
acceleration.
We are going to use this relativistic detector model to
show that the process of Rindler particle detection is in
fact just spontaneous excitation of the detector due to
the interaction with the accelerating background field.
This interpretation is justified since we do not need to
revert to the concept of Rindler quanta. Another benefit
of this method is that we can drop the assumption [10]
that the detector measures frequencies with respect to
its proper time: By incorporating the “motor” of the
external acceleration explicitly into the detector model,
we show that this is just a consequence of energy and
momentum conservation.
II. THE ACCELERATED QUANTUM FIELD
In this section we are going to discuss the behavior of a
constantly accelerated massive scalar quantum field [11]
of mass m. The acceleration a shall be generated by
an external electric field E = ma. We will encounter
that the standard solutions incorporate non-perturbative
pair production similar to the Schwinger effect in quan-
tum electrodynamics. The mode expansions in terms of
parabolic cylinder functions shall be useful later for com-
puting transition amplitudes for the accelerated detector.
We start with the classical Hamilton function of a mas-
sive relativistic particle in a potential V (x) = −Ex,
H =
√
p2 +m2 − Ex.
The linear potential results in a constant force E = ma
with m being the mass of the particle and a the accelera-
tion. We can think of E as an external electric field with
unit charge e = 1. The orbits of this Hamiltonian system
are the well-known hyperbolic trajectories of constantly
accelerated particles,
x(t) =
1
a
√
1 + a2(t− t0)2 + x0.
The turning point is determined by the conserved total
energy E of the system, x(t = t0) = 1/a+x0 = (m−E)/E.
The usual quantization procedure yields the modified
Klein-Gordon equation for a complex scalar field ϕ:
0 = (i∂t + Ex)ϕ+ ∂
2
xϕ−m2ϕ =: (DνDν −m2)ϕ (1)
with the covariant derivatives Dt = ∂t − iEx, Dx = ∂x.
This is the equation of motion for a charged field (unit
charge e = +1) in a constant external electric field E.
The corresponding action reads
S =
1
2
∫
d2x
[D∗νϕ∗Dνϕ+m2ϕ∗ϕ], (2)
from which the field equation (1) and the corresponding
anti-particle equation follow via variation with respect to
ϕ and ϕ∗, respectively.
Since the external field is constant, in particular sta-
tionary, we can expand the field in terms of stationary
modes
ϕω(x, t) = e
−iωtϕω(x)
in order to reduce equation (1) to a stationary equation
∂2xϕω = m
2ϕω − (ω + Ex)2ϕω.
This equation is solved by the parabolic cylinder func-
tion [12]
Eµ
(√
2E(x+ ω/E)
)
, E∗µ
(√
2E(x+ ω/E)
)
with the dimensionless quantity µ = m
2
2E being a mea-
sure for the strength of the external field compared to
the mass. The total energy of the system ω enters in the
argument as translation term and determines the classi-
cal turning point x0 =
m−ω
E . This means in particular
that ω is not bounded from below and may take also neg-
ative real values. This is possible due to the fact that the
potential energy compensates the lower total energy so
that for x ≥ x0 the kinetic energy is still positive (at the
turning point x0, the kinetic energy takes its minimum
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FIG. 1. A plot of the parabolic cylinder function Eµ(y) for
µ = 0.001.
ωkin = ω − Ex0 = m; beyond that point, for x < x0,
particles are classically forbidden).
Fig. 1 shows a plot of the solution Eµ(y) for µ = 0.001
where we use the dimensionless variable
y =
√
2E(x+ ω/E)
to make the discussion independent from the energy ω.
For y → ∞ the solution describes a single right-moving
particle. The relation
Eµ(−y) = i
√
1 + e2piµE∗µ(y)− iepiµEµ(y) (3)
shows that at y → −∞ there is a superposition of two
modes travelling in opposite directions.
To sort these terms into particles and antiparticles, as
well as ingoing and outgoing modes, we first observe that
all the modes at y → −∞ have to be antiparticles and all
modes at y → ∞ particles: The classical turning points
are at y =
√
2m
a = 2
√
µ for particles and y = −2√µ for
antiparticles. The region to the left is classically forbid-
den for particles, the region to the right for anti-particles.
In these regions, the parts of the mode function corre-
sponding to (anti-)particles do not oscillate, they decay
exponentially (the middle region, −2√µ ≤ y ≤ 2√µ, is
classically forbidden for both particles and antiparticles).
Looking at the charge flux, we see that for Eµ(y) we
have positive flux, i.e. we interpret the y → ∞ part as
a particle flux to the right, or outgoing particle flux.
Of course, the charge flux of antiparticles has opposite
sign, so that positive charge flux corresponds to right-
moving particles and left-moving antiparticles. Since
both y → −y and Eµ → E∗µ will change the direction
of the flux, this means for the interpretation of Eµ(y):
The y > 0/right sector corresponds to an outgoing par-
ticle, y < 0/right to an outgoing antiparticle, y < 0/left
to an ingoing antiparticle.
We rearrange equation (3) in terms of past and future
modes,
E∗µ(−y) = ie−piµE∗µ(y) +
√
1 + e−2piµEµ(−y)
= βE∗µ(−y) + αEµ(y).
(4)
The left hand side describes a single particle in asymp-
totic past, an ingoing particle. For asymptotic future,
the right hand side shows that there are |α|2 particles
and |β|2 = 1 − |α|2 anti-particles in the out-sector: the
original particle plus a particle-antiparticle pair. The
strength of the pair production |β|2 = e−2piµ depends on
the strength of the electric field: For a weak electric field
(E  m2 or µ  1), pair production is exponentially
suppressed; for a strong field on the other hand, |β|2
approaches one as µ → 0. Plotting charge density and
charge current for a wave packet e−
ω2
2E centered around
ω = 0 (fig. 2) gives an accurate illustration of the pair
creation process.
The correct normalization is obtained from the charge
current density
jν = i
(
ϕD∗νϕ∗ − ϕ∗Dνϕ
)
which is conserved by the internal U(1) symmetry of the
action (2), ∂νj
ν = 0. For our stationary solution ϕω(x) =
1
NE
∗
µ(y), the current density jx is constant,
jx = −2
√
2E
N2
.
This current arises from the opposite charges of the cre-
ated pair that travelling in opposite directions (the inci-
dent particle does not contribute since it is reflected back
to +∞ so that the net current is zero). So jx needs to
be proportional to the number of pairs created:
jx
!
= − |β|2
(assuming unit current density for a single particle) and
therefore 1N =
β
(8E)1/4
. The standard “in-particle” mode
is therefore
ϕω(x, t) = (8E)
−1/4 β e−iωtEµ
(−√2E(x+ ω/E))
The second quantized field operator can now be readily
expanded in terms of past and future modes: In asymp-
totic past, we have ϕω(x, t) for ingoing particles and
ϕ∗−ω(−x, t) for ingoing anti-particles:
ϕ(x, t) =
∫ ∞
−∞
dω
[
ainω ϕω(x, t) + aˆ
in
ω
†
ϕ∗−ω(−x, t)
]
(5a)
In asymptotic future, we expand in terms of outgoing
modes ϕ∗ω(x, t) and ϕ−ω(−x, t):
ϕ(x, t) =
∫ ∞
−∞
dω
[
aoutω ϕ
∗
ω(x, t)+aˆ
out
ω
†
ϕ−ω(−x, t)
]
(5b)
The creation and annihilation operators for particles
(a†, a) and antiparticles (aˆ†, aˆ) obey the usual commu-
tation relations.
III. THE RELATIVISTIC UNRUH DETECTOR
The relativistic detector model introduced by Un-
ruh [3] consists of three relativistic quantum fields: The
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FIG. 2. Charge density and charge current of the wave packet solution ϕwp =
∫
dω e−
ω2
2EE∗µ
(−√2E(x + ω/E)) for
µ = 0.001, 0.5, 8.0. The contours are drawn for J/E = . . . ,−0.9,−0.3, 0.3, 0.9, . . . In the upper row (charge density), white
corresponds to positive charges (particles) and black to negative charges (antiparticles). In the lower row (charge current),
white corresponds to right-moving particles or left-moving antiparticles and black to left-moving particles.
We observe an incoming particle that is reflected back to +∞ (the prevalent process at low acceleration, here µ = 8) and the
creation of a pair (anti-particle goes to the left, particle to the right), which can be seen at higher accelerations (for µ = 8,
the charge density of the created anti-particle is more than 22 orders of magnitude smaller than for the incoming particle:
|β|2 = e−2pi·8.0 = 1.48 · 10−22, too small to be seen in this plot).
detector fields Φ and Ψ corresponding to a detector par-
ticle in its ground and excited state, respectively, and a
massless scalar test field ψ. The action of the detector
model
S =
1
2
∫
d2x
[
D∗νΦ†DνΦ +M2Φ†Φ
+D∗νΨ†DνΨ + M¯2Ψ†Ψ
+ ∂νψ∂
νψ
+ 
(
Φ†Ψ + Ψ†Φ
)
ψ
]
(6)
contains the kinetic and mass terms of the three fields as
well as the minimal interaction term. We use the covari-
ant derivatives from the action (2) to couple the detector
fields to an external background field E; consequently, Φ
and Ψ have to be complex fields. The mass M¯ of the ex-
cited detector should be at least slightly bigger than M ;
this mass gap induces an energy gap between the Φ and
Ψ states which determines the energy the detector is sen-
itive to. The test field ψ contains the particles we want
to detect and is not coupled to the background field. For
simplicity, we assume a massless real field.
The detector model works as follows: A detector, rep-
resented by a Φ particle in asymptotic past, is said to
have “detected” a particle if it passes over to its excited
state, i.e. a Ψ particle is found in asymptotic future in-
stead. In first order perturbation theory, the form of
the interaction allows only two processes corresponding
to “detection”: Φψ → Ψ (test particle absorption) and
Φ→ Ψψ (spontaneous excitation/test particle emission).
Energy and momentum conservation restricts the energy
ω of the ψ particle: We find that the mass gap of the
detector
ωd =
M¯2 −M2
2M
(7)
determines the energy ω of the ψ particle in the rest frame
of the detector,
ω = ±ωd (8)
(in any other reference frame, ωd is multiplied by a red-
shift factor).
5In the absence of the background field (E = 0 or Dν =
∂ν), energy and momentum conservation only allow the
former transition (Φψ → Ψ with ω = +ωd); the latter
one, spontaneous emission of a test particle, is forbidden
since ω = −ωd would have to be negative.
For E 6= 0, however, ω = +ωd is also possible in the
case of spontaneous excitation: The energy required to
create a ψ particle is supplied by the external field. This
was already predicted by Unruh [3], but the theory of
the accelerated quantum field from section II allows us
to actually compute the transition amplitude.
A. Spontaneous excitation
We use the field expansion (5) for the accelerated fields
Φ and Ψ and the usual Fourier mode epansion for the test
field ψ:
Φ(x, t) =

∫ ∞
−∞
dΩ
[
ainΩϕΩ(x, t) + aˆ
in
Ω
†
ϕ∗−Ω(−x, t)
]
∫ ∞
−∞
dΩ
[
aoutΩ ϕ
∗
Ω(x, t)+aˆ
out
Ω
†
ϕ−Ω(−x, t)
]
Ψ(x, t) =

∫ ∞
−∞
dΩ¯
[
binΩ¯ϕΩ¯(x, t) + bˆ
in
Ω¯
†
ϕ∗−Ω¯(−x, t)
]
∫ ∞
−∞
dΩ¯
[
boutΩ¯ ϕ
∗¯
Ω(x, t)+bˆ
out
Ω¯
†
ϕ−Ω¯(−x, t)
]
ψ(x, t) =
∫ ∞
−∞
dk
[
cke
−iω(k)t+ikx + c†ke
iω(k)t−ikx
]
The upper and lower expansions are to be taken at
early and late times, respectively. The vacua of the
three sectors are defined in the usual way, ain
∣∣0inΦ 〉 = 0,
bin
∣∣0inΨ〉 = 0 and aout |0outΦ 〉 = 0, bout |0outΨ 〉 = 0 for early
and late times, respectively, and c |0ϕ〉 = 0 for the test
field.
The transition amplitude for the Φ → Ψψ process is
now readily computed using the standard S-matrix for-
malism in the coupling  (upper in/out indices) combined
with the in-out formalism for the Φ and Ψ fields (lower
indices):
|AΦ→Ψψ|2
=
∣∣∣〈0out∣∣ (boutΩ¯ ck)out(ainΩ †)in ∣∣0in〉∣∣∣2 (9)
= 2
∣∣∣∣2piδ(Ω− Ω¯− ω(k)) ∫ ∞−∞ dx e−ikxϕΩ(x)ϕΩ¯(x)
∣∣∣∣2
We use the integral representation of the parabolic cylin-
der functions
Eµ(x) = e
iδ
√
2e
piµ
4
Γ
(
iµ+ 12
) ∫ ∞
0
ds siµ−
1
2 e
1
4 ix
2−√−ixs− 12 s2
(10)
so that the integral over x is an ordinary Gaussian inte-
gral which is readily computed:
∣∣∣∣∫ ∞−∞ dx e−ikxϕΩ(x)ϕΩ¯(x)
∣∣∣∣2
=
∣∣2ββ¯∣∣2 epi(µ+µ¯)∣∣Γ(iµ+ 12)∣∣2 ∣∣Γ(iµ¯+ 12)∣∣2
pi
8E2
∣∣∣∣∣
∫ ∞
0
ds s−iµ−
1
2 e
−i k−Ω+Ω¯√
2E
s
∫ ∞
0
dt t−iµ¯−
1
2 e
−i k+Ω−Ω¯√
2E
t
eist
∣∣∣∣∣
2
(11)
The energy-conserving delta function (9) restricts the
momentum k to k = ±ω = ±(Ω − Ω¯), thus one of the
exponentials will always result to a factor of one. The
integrals over s and t are both integral representations of
Gamma functions, so that in the “plus” case
(11) =
∣∣2ββ¯∣∣2 e3piµ∣∣Γ(iµ¯+ 12)∣∣2
pi
8E2
∣∣Γ(i(µ¯− µ))∣∣2 (12)
=
pi
2E2(µ¯− µ)
|α¯|2
e2pi(µ¯−µ) − 1 (13)
(in the “minus” case, there is an α instead of α¯ in the
numerator).
Thus the probability for the transition Ψ → Ψψ is
proportional to
PΦ→Ψψ ∝ 
2
Mωd
|α¯|2
e2pi(µ¯−µ) − 1 . (14)
We recognize the well-known Bose-Einstein factor
1
e2pi(µ¯−µ) − 1 =
1
e
2pi
a ωd − 1
at temperature T = a2pi with the detector’s energy gap
ωd = a(µ¯ − µ) (see eq. (7)) and the acceleration ex-
pressed through the external electric field, a = E/M .
This agrees with the result obtained from the the Unruh-
DeWitt model [3, 4, 13] except for the factor |α¯|2 (or |α|2,
depending on the sign of the momentum k) in the numer-
ator; this factor increasing the transition probability for
strong accelerations (compared to the mass) is to be read
6as correction term for the case of a “real” detector, as op-
posed to an “ideal” detector which is infinitely heavy.
The relation between the energy ω of the emitted parti-
cle and the the detector’s energy gap ωd is again obtained
using the energy and momentum conservation relation,
although we have to adopt a picture of localized wave
packets since the momenta
K(x) = ±
√
(Ω + Ex)2 −M2 (15a)
K¯(x) = ±
√
(Ω¯ + Ex)2 − M¯2 (15b)
of the Φ and Ψ particles are only defined locally. The
energy of the created ψ particle then computes to
ω =
K(x)− (Ω + Ex)
M
ωd, (16)
where x is to be taken at the coordinate where the par-
ticle is created. It can be seen immediately from (15a)
that ω is positive if and only if
x ≤ −M + Ω
E
,
which we recognize as the turning point of a detector an-
tiparticle of energy Ω: The ψ particle is actually created
beyond the turning point of the detector, in the realm of
an antiparticle of the same energy.
The redshift factor in (16) ensures that the detector
mesures frequencies with respect to its proper time re-
gardless of the reference frame we are working in. Unlike
in the conventional Unruh-DeWitt model, this is not as-
sumed a priori. Instead, the energy redshift is a direct
consequence of energy and momentum conservation.
B. Test particle absorption
The transition probability for excitation of the detector
due to absorption of a test particle is computed in the
same way. The result is
PΦψ→Ψ ∝ 
2
Mωd
[
1 +
|α¯|2
e2pi(µ¯−µ) − 1
]
. (17)
In addition to the Bose-Einstein term we get another
term independent from the acceleration a or the exter-
nal field E. This term remains in the limit a → 0 and
corresponds to the detection process without the pres-
ence of an external acceleration. We do the analysis of
the energy-momentum conservation in analogy to (16) to
find
ω =
(Ω + Ex)−K(x)
M
ωd, (18)
so that ω is positive if the absorption happens in the
realm of the detector particle, x ≥ M−ΩE . This result
again agrees with the localized discussion of the Unruh-
DeWitt detector by Audretsch and Mu¨ller [13] (except for
the factor of |α¯|2 in front of the Bose-Einstein factor).
IV. SUMMARY
In this paper, we have set up a relativistic Unruh de-
tector accelerated by a constant external field and found
out that the detector becomes excited even in Minkowski
vacuum. An observer looking just at the detector (not at
the test field) would describe this as “detection” of parti-
cles. The probability for this “detection” follows a ther-
mal Bose-Einstein distribution of temperature T = a2pi
in the detection energy, ωd =
M¯2−M2
2M . The conventional
interpretation is that this effect comes from the thermal
bath of Rindler particles the detector is immersed in due
to the Unruh effect. However, as we encountered, in this
model the process involved is in fact spontaneous emis-
sion of test particles together with spontaneous excita-
tion of the detector. This is the picture from the point of
view of an inertial observer (such as ourselves, at least in
good approximation) who is unaware of the Rindler ref-
erence frame and the particle definition associated with
it: He observes that the detector has switched to its ex-
cited state and, in the same process, has emitted a test
particle.
The quantum field theoretical approach has two main
benefits over the conventional Unruh-DeWitt “particle in
a box” model. The first one is that this approach works
without the assumption that a non-inertial detector mea-
sures frequencies with respect to its proper time [10]: In
the conventional model, the acceleration of the detector
is encoded only in the relation between proper time τ and
Minkowski time t = t(τ), which is the crucial part of the
interaction term for obtaining the thermal distribution in
the Green’s functions and Bogolyubov coefficients. In the
model discussed here, the interaction is given in ordinary
Minkowski coordinates, while the acceleration is imple-
mented in the action of the detector itself by incorporat-
ing the source of the acceleration, the background field
(which is entirely missing in the Unruh-DeWitt model);
the relation between the energy ωd as measured by the
detector and the energy ω as measured by an inertial ob-
server then simply follows from energy and momentum
conservation (see equations (8), (16) and (18)).
The other advantage of this approach is that it does
not rely on the notion of Rindler particles. This solves
the problem with inequivalent particle definitions: We
can work in Minkowski vacuum, which is the only vac-
uum state compatible with general relativity and there-
fore has to be seen as the “true” physical vacuum. De-
Witt [4] views the reaction of the accelerated detector
to Minkowski vacuum as an “operational definition” for
Rindler particles. Following our point of view, we read
the spontaneous excitation of the detector as the actual
physical process, while we consider the Rindler vacuum
only as an auxiliary device to describe the reaction of an
accelerated detector without having to explicitly specify
the source of the acceleration.
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